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Impairment of wound healing is a common problem in indi-

viduals with diabetes. Adiponectin, an adipocyte-derived cy-

tokine, has many beneficial effects on metabolic disorders 

such as diabetes, obesity, hypertension, and dyslipidemia. 

C1q/TNF-Related Protein 9 (CTRP9), the closest paralog of 

adiponectin, has been reported to have beneficial effects on 

wound healing. In the current study, we demonstrate that 

CTRP9 regulates growth, differentiation, and apoptosis of 

HaCaT human keratinocytes. We found that CTRP9 aug-

mented expression of transforming growth factor beta 1 

(TGFβ1) by transcription factor activator protein 1 (AP-1) 

binding activity and phosphorylation of p38 in a dose-

dependent manner. Furthermore, siRNA-mediated suppres-

sion of TGFβ1 reversed the increase in p38 phosphorylation 

induced by CTRP9. siRNA-mediated suppression of TGFβ1 or 

p38 significantly abrogated the effects of CTRP9 on cell pro-

liferation and differentiation while inducing apoptosis, imply-

ing that CTRP9 stimulates wound recovery through a TGFβ1-

dependent pathway in keratinocytes. Furthermore, intrave-

nous injection of CTRP9 via tail vein suppressed mRNA ex-

pression of Ki67 and involucrin whereas it augmented TGFβ1 

mRNA expression and caspase 3 activity in skin of type 1 dia-

betes animal models. In conclusion, our results suggest that 

CTRP9 has suppressive effects on hyperkeratosis, providing a 

potentially effective therapeutic strategy for diabetic wounds. 
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INTRODUCTION 
 

Adiponectin is a well-known adipokine that has been recog-

nized as a key regulator of insulin signaling and inflamma-

tion (Jee et al., 2013; Whitehead et al., 2006). Recently, 

adiponectin has been reported to ameliorate the impaired 

wound healing associated with diabetes (Kawai et al., 2008). 

C1q/TNF-Related Protein (CTRP9) is the closest paralog of 

adiponectin. Its biochemical functions, including specific 

expression in adipocytes, endocrine function, and formation 

of higher-order oligomeric complexes, are similar to those of 

adiponectin due to their structural similarity (Peterson et al., 

2013). CTRP9 is also known to be an adipokine involved in 

communication among skeletal muscle, liver, and adipose 

tissue (Peterson et al., 2013). CTRP9 transgenic mice 

showed improvements in fasting blood glucose and insulin 

levels, weight loss, and fatty liver (Peterson et al., 2013). 

Conversely, CTRP9 knockout mice showed weight gain, 

insulin resistance, and hepatic steatosis (Wei et al., 2014). In 

a clinical study, serum CTRP9 level was inversely correlated 

with age, blood pressure, and the lipid profile associated  
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with insulin resistance and positively correlated with serum 

total adiponectin level (Hwang et al., 2014). Although sev-

eral studies have reported the influence of CTRP9 on meta-

bolic syndrome, its effects on impaired wound healing, 

which is commonly seen in diabetic foot, remain unclear. 

Impaired wound healing is observed in patients with dia-

betes and results in problems such as hyperkeratinization 

and callosity around diabetic ulcers. Keratinocytes are im-

portant cellular components of the epidermis and play a 

crucial role in the wound healing process through re-

epithelialization. Elevated cell proliferation and differentia-

tion are commonly observed in patients with diabetic foot 

(Usui et al., 2008). Apoptosis in keratinocytes plays a crucial 

role in the regulation of epidermal development through 

morphological and biochemical changes. Impaired wound 

healing in diabetes is caused by diminished keratinocyte 

apoptosis (Blakytny and Jude, 2006). When injured, 

keratinocytes induce various proteins including growth fac-

tors and pro-inflammatory cytokines, which activate fibro-

blasts and formation of granulation tissue (Bandyopadhyay 

et al., 2006; Maas-Szabowski et al., 2003; Wang et al., 

2006). Therefore, regulation of these molecules for appro-

priate proliferation, differentiation, and apoptosis in 

keratinocytes could be an effective therapeutic approach for 

treatment of impaired wound healing, including diabetic 

foot ulcer. 

In this study, we examined the effect of CTRP9 on human 

keratinocytes and abdominal skin tissue of experimental 

mice. Our results demonstrate that CTRP9 suppresses both 

proliferation and differentiation and induces apoptosis of 

keratinocytes. CTRP9 also induces expression of transform-

ing growth factor beta 1 (TGFβ1) and phosphorylation of 

p38 in keratinocytes. These data suggest that CTRP9 plays a 

crucial role in ameliorating the impaired wound healing in 

diabetes through a TGFβ1/p38-dependent pathway. 

 

MATERIALS AND METHODS 
 

Cell cultures, reagents, and antibodies 
Human keratinocyte HaCaT cells (ATCC, USA) were cultured 

in Dulbecco’s modified eagle medium (DMEM) (Invitrogen, 

USA) supplemented with 10% fetal bovine serum (Invitro-

gen), 100 units/ml penicillin, and 100 μg/ml streptomycin 

(Invitrogen). Cells were cultured in a humidified atmosphere 

of 5% CO2 at 37℃. Mycoplasma was not detected in HaCaT 

cells. We used HaCaT cells at passages 5-10 for experiments. 

Human recombinant CTRP9 made by E. coli was purchased 

from Aviscera Bioscience (USA) (Jung et al., 2015; Kambara 

et al., 2012). Calcium chloride and sodium arsenite were 

purchased from Sigma (USA). The following antibodies were 

used in this study: anti-phospho AMPK (1:1000), anti-AMPK 

(1:3000), anti-phospho p38 (1:1000), anti-p38 (1:2500), 

anti-phospho JNK (1:1000), anti-JNK (1:1000), anti-phospho 

ERK1/2 (1:1000), and anti-ERK1/2 (1:3000) were purchased 

from Cell Signaling (USA); anti-Ki67 (1:100) and anti-

involucrin (1:100) were obtained from Abcam (USA); anti-

beta actin (1:5000) was obtained from Santa Cruz Biotech-

nology (USA). 

 

Cell proliferation assay 
BrdU kit (Roche, Germany) was used according to manufac-

turer’s direction. In brief, cells were seeded into 96-well 

plates at a density of 2.5 × 10
4
 cells/well and incubated 

overnight, followed by serum starvation for 12 h. Next, the 

cells were treated with various concentrations of CTRP9 for 

an additional 24 h, then pulse labeled with 5-bromo-20-

deoxyuridine (BrdU) for 2 h. Finally, absorbance at 370 nm 

was measured using a multi-reader. Proliferative cells were 

visualized using a mouse monoclonal anti-human Ki67/FITC 

antibody (Thermo Fisher Scientific, USA). 

 

Animals, feeding, treatment, and wounding 
This study was approved by the institutional animal review 

board (Institutional Animal Care and Use Committee of 

Bundang Seoul National University Hospital, Korea). Animal 

studies were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals (NIH publication, 8
th

 

edition, 2011). A control group (n = 5) and two experi-

mental groups (5 animal each) of 8-week-old male C57BL/6J 

(B6) mice were treated with a normal diet (ND; Brogaarden, 

Denmark). Hyperglycemia was induced by a single intrave-

nous injection of 150 mg/kg streptozotocin (STZ) (Sigma) to 

establish a type 1 diabetic animal model. Mouse recombi-

nant CTRP9 was injected to mice via tail vein (0.5 μg/g 

mice/2 days) for 2 weeks. To evaluate the wound healing 

response, all experimental mice were subjected to a dermal 

punch biopsy. After wound healing, mice were anesthetized, 

the fur was shaved, and a 3-mm full-thickness hole was 

punched with a sterile disposable biopsy punch (Miltex In-

struments, Bethpage, USA). At a given time point, mice 

were sacrificed and the injured abdominal skin tissues were 

excised and processed as described below. Serum glucose 

levels were measured using Accu-Check III glucose analyzer.  

 

Hematoxylin and eosin (H&E) staining 
Mouse abdominal skin tissues were fixed with 4% para-

formaldehyde for 1 h, embedded in paraffin and cut into 5 

μm serial sections. In brief, corresponding sections were 

stained with hematoxylin for 5 min. Subsequently, the sec-

tions were washed with 1% hydrochloric acid alcohol differ-

entiation liquid for 5 sec and washed with running water for 

5 min. Sections were then stained with eosin for 5 min. Im-

ages were obtained by Nikon Eclipse TE2000-S microscope 

(Nikon, Japan) and analyzed by Image Pro Plus 3.1 (Nikon). 

 

Immunohistochemistry 
Immunohistochemistry for Ki67 and involucrin was per-

formed in skin tissue of experimental animals. Antibodies 

against mouse Ki67 and involucrin were purchased from 

Abcam and Santa Cruz Biotechnology, respectively. Sections 

(4 μm) were prepared from formalin fixed paraffin embed-

ded tissue specimens, deparaffinised, and rehydrated in 

graded alcohols. A heat induced epitope retrieval technique 

by autoclaving slides for 3 min in 10 mM citric acid buffer 

was used for detection of Ki67 and involucrin. After quench-

ing endogenous peroxidase with 4% H2O2 in PBS for 20 min, 

slides were incubated with primary antibodies at 4℃ over-

night (Ki67, 1:100; involucrin, 1:100). Solid phase absorbed 
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rabbit Ig fraction (DakoCytomation, Denmark) was used to 

demonstrate specificity of Ki67 and involucrin staining. Visu-

alisation was performed using the LSAB+ kit (DakoCytoma-

tion) with 3, 3′-diaminobenzidine as chromogen according 

to the manufacturer’s instructions. Finally, sections were 

viewed on an Olympus IX70 with Kappa camera and Kappa 

ImageBase 2.2 software (Kappa opto-electronics GmbH, 

Germany). 

 

Caspase 3 activity assay 
Caspase3 activity measurement was performed by using a 

Caspase Assay Kit (Abcam, USA) according to manufactur-

er’s instruction. 

 

Total RNA extraction and quantitative real-time PCR 
Total RNA was isolated from harvested adipose tissues using 

TRIzol reagent (Invitrogen, USA). RNAs were transcribed to 

cDNA at 42℃ for 1 h in a 25-μl cocktail containing 5× re-

verse transcriptase (RT) buffer, 10 mM dNTPs (200 units), 

Maloney murine leukemia virus reverse transcriptase 

(MMLV-RT) (Promega, USA), and 100 pmole oligo-dT pri-

mer. The concentration of cDNA was estimated by the quan-

titative RT-PCR method using 2× iQTM SYBR Green Super-

mix (Bio-Rad, USA) to determine the mRNA level of each 

gene. Amplification was performed using a CFX Connect™ 

Real-Time PCR Detection System (Bio-Rad) under the follow-

ing conditions: 95℃ for 3 min, followed by 45 cycles at 95℃ 

for 10 s and 60℃ for 30 s. To confirm PCR specificity, the 

PCR products were subjected to a melting-curve analysis. 

The comparative threshold method was used to calculate 

the relative amounts of mRNA in the experimental samples 

compared to the control samples. Gene expression was 

normalized to the expression level of GAPDH. The method 

of delta-delta cycle threshold (ddCT) was used to calculate 

the relative fold change of each gene. The following PCR 

conditions were used: 95℃ for 10 min, followed by 95 for 

15 s and 60 for 1 min for 45 cycles. The following oligonu-

cleotide primers were used: human Ki67, forward: 5′-
GAGCGGTCCCCACTTTCCCCT-3′ and reverse: 5′-GGAACTG 

AAATTATGTAATA-3′; human involucrin, forward: 5′-CTCCAC 

CAAAGCCTCT-3′ and reverse: 5′-CTGCTTAAGCTGCTGC-3′; 
human loricrin, forward: 5′-GAGAAAAAGCAGCCCACCC-3′ 
and reverse: 5′-GAACCGCTGCTACCGCCCCC-3′; human 

filaggrin, forward: 5′-GCCATAATTAATCTTTTCAAG-3′ and 

reverse: 5′-CAACCATATCTGGGTCATC-3′; human TGFβ1, 

forward: 5′-CTACTACGCCAAGGAGGTC-3′ and reverse: 5′-
TTGCTGAGGTATCGCCAGG-3′; TGFβ2, forward: 5′-GGTCG 

CGCTCAGCCT-3′ and reverse: 5′-CCTCGATCCTCTTGCGC-3′; 
human TGFβ3, forward: 5′-AGGATCGAGCTCTTCCAGAT-3′ 
and reverse: 5′-TGCCA CCGATATAGCGC-3′; human calre-

ticulin, forward: 5′-CGCTTTTATGCTCTGTCGGC-3′ and re-

verse: 5′-CTCAGGCTTGGAGTCTGTGG-3′; and human β-

actin, forward: 5′-GAGCTACGAGCTGCCTGAC-3′ and re-

verse: 5′-GTAGTTTCGTGGATGCCACA-3′; mouse Ki67, for-

ward: 5′-CGGCTCACCTGGTCACCATC-3′ and reverse: 5′-
CCCCGTTTACTTGAGTTGGA-3′; mouse involucrin, forward: 

5′-CGGCCAAACCCTGTGAAGGA-3′ and reverse: 5′-GCCCC 

TGGGGCTCTTGTGGT-3′; mouse TGFβ1, forward: 5′-CTGCT 

CCCACTCCCGTGGCT-3′ and reverse: 5′- CTTAGTTTGGACA 

GGATCTG-3′; mouse β-actin, forward: 5′-CTGGTCGTCGACA 

ACGGCTC-3′ and reverse: 5′-CTCGTCACCCACATAGGAGT-

3′. Quantitative real-time PCR experiments were repeated 

three times independently. Data are represented as the 

mean ± SEM. 

 

Western blot analysis 
HaCaT cells were harvested, and proteins were extracted 

with lysis buffer (PRO-PREP; Intron Biotechnology, Korea) for 

60 min at 4℃. Protein samples (35 μg) were separated by 

12% SDS-PAGE, transferred to a nitrocellulose membrane 

(Amersham Bioscience, USA), and probed with the appro-

priate primary antibody followed by secondary antibody 

conjugated with horseradish peroxidase (Santa Cruz Bio-

technology). The samples were detected with enhanced 

chemoluminescence (ECL) kits. 

 

Transfection using siRNAs for gene silencing 
Cells were transfected with 20 nmol/l small interfering (si) 

RNA oligonucleotides for TGFβ1 and p38 (Santa Cruz Bio-

technology) to suppress gene expression. Transfection was 

performed with Lipofectamine 2000 (Invitrogen), in accord-

ance with the manufacturer’s directions. 

 

Chromatin immunoprecipitation (ChIP) assay 
ChIP assay was performed using ChIP kit (Abcam) according 

to manufacturer’s direction. Quantitative real time PCR was 

performed using primers covering AP-1 site in human TGFβ1 

promoter (Presser et al., 2013) (forward: 5′-
GTCTGCCTCCTGACCCTTCC-3′ and reverse: 5′- 
CCCCGGCTCCGCCCCGCAAA-3′). 
 

Enzyme linked immunosorbent assay (ELISA)  
Mouse serum CTRP9 levels were measured with each ELISA 

kit (Aviscera Bioscience, USA) according to the manufactur-

er’s instructions.  

 

Statistical analysis 
All analyses were performed using SPSS/PC statistical pro-

gram (version 12.0 for Windows; SPSS, USA). Results are 

presented as the fold of the highest values (mean ± SEM). 

All of the in vitro experiments were performed at least three 

times. Student’s t test or two-way ANOVA was used for sta-

tistical analysis. 

 

RESULTS 
 

CTRP9 suppresses cell growth and differentiation of 
HaCaT cells 
Disordered proliferation and differentiation of keratinocytes 

result in hyperkeratosis in diabetic ulcers. In clinical examina-

tion, abnormal cell proliferation and differentiation are fre-

quently seen in patients with diabetic foot (Kawai et al., 

2008). Therefore, we first examined the effects of CTRP9 on 

proliferation of HaCaT cells. CTRP9 suppressed the uptake of 

BrdU into HaCaT cells and Ki67 expression in a dose-

dependent manner (Figs. 1A and 1B). To determine whether 

CTRP9 affects the differentiation of keratinocytes, we ob-

served cell morphology and performed quantitative RT-PCR 
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Fig. 1. CTRP9 suppresses proliferation and differentiation of human keratinocytes. (A) Proliferation assay in HaCaT cells cultured in the 

presence of CTRP9 (0-10 μg/ml) for 24 h. Cell proliferation was assessed by determining BrdU uptake. (B) Ki67 expression was detected 

by immunofluorescence. Quantitative real-time PCR analysis of Ki67 mRNA expression in HaCaT cells treated with CTRP9 for 18 h. (C) 

Inverted microscopy images of HaCaT cells treated with CTRP9 for 18 h. Quantitative real-time PCR analysis of involucrin, loricrin, fil-

aggrin mRNA expression in HaCaT cells treated with CTRP9 for 18 h. β-Actin was used as an internal standard. Mean ± SEM were calcu-

lated from three independent experiments. 
***P < 0.001, 

**P < 0.01, and 
*P < 0.05 compared with levels in control. 

 

 

 

to measure the mRNA expression of involucrin, loricrin, and 

filaggrin, well-known markers of keratinocyte differentiation. 

CTRP9 suppressed differentiation markers’ mRNA expression 

in a dose-dependent manner, although it did not affect cell 

morphological change (Fig. 1C). To confirm a more certain 

cell morphological change in the suppressive effect of CTRP9 

on differentiation, we treated HaCaT cells with calcium chlo-

ride (CaCl2) which is well-known to stimulate differentiation 

of HaCaT cells (Deyrieux and Wilson, 2007). Within 24 h 

after 2.8 mM CaCl2 exposure, HaCaT cells exhibited a more 

cuboidal shape with cell-cell tight junction formation. How-

ever, CTRP9 treatment reversed these changes. Furthermore, 

CTRP9 decreased CaCl2-induced differentiation markers’ 

mRNA expression in a dose-dependent manner (Supple-

mentary Fig. S1). 

 

CTRP9 causes apoptosis in HaCaT cells 
The epidermis undergoes a continuous turnover through 

whole life, in which keratinocytes migrate to the upper layer, 

leading to final cell differentiation and keratinization. This 

process is known as apoptosis (Kawai et al., 2008). There-

fore, apoptosis in keratinocytes plays a crucial role in the 

regulation of epidermal development through morphologi-

cal and biochemical changes. Thus, we next examined the 

effect of CTRP9 on apoptosis of HaCaT cells by performing 

MTT viability assays and caspase 3 activity assays. Our results 

demonstrated that CTRP9 induced apoptosis of HaCaT cells 

in a dose-dependent manner (Figs. 2A and 2B). Calreticulin 

has been reported to regulate the clearance of early apop-

totic bodies through adiponectin-mediated regulation 

(Takemura et al., 2007) and its expression is augmented by 

adiponectin treatment in HaCaT cells (Kawai et al., 2008) 

implying that it plays an important role in the wound healing. 

Therefore, we investigated the effect of CTRP9 on calreticu-

lin mRNA expression. CTRP9 augmented calreticulin mRNA 

expression in a dose-dependent manner (Fig. 2C). 

 

CTRP9 specifically induces TGFβ1 mRNA expression and 
consequently promotes p38 phosphorylation in HaCaT 
cells 
As TGFβs have been documented to play an important role 

in wound healing in all cell types (Frank et al., 1996; O'Kane 

and Ferguson, 1997), we investigated the effects of CTRP9 

on TGFβ mRNA expression in HaCaT cells. As shown in Fig. 

3A, CTRP9 increased TGFβ1 mRNA expression in a dose-

dependent manner; however, TGFβ2 and TGFβ3 mRNA 

expression was not changed by CTRP9 treatment. Since 

transcription factor AP-1 regulates TGFβ1 (Kim et al., 1989), 

we performed ChIP assay to assess whether AP-1-mediated 

TGFβ1 promoter binding activity can be modulated by 

CTRP9. CTRP9 induced AP-1 binding activity in a dose-

dependent manner (Fig. 3B). Mitogen-activated protein 

kinases (MAPKs), including JNK, p38, and ERK1/2, are 

known to be involved in stress-induced cell proliferation, 

migration, and apoptosis (Kyriakis and Avruch, 2001; Xia et 

al., 1995; Zhan et al., 2003) and to be regulated by TGFβ1 

(Jin et al., 2016; Liu et al., 2012; Takekawa et al., 2002). 

Therefore, we next examined the effects of CTRP9 on MAPK 

phosphorylation. Treatment of HaCaT cells with CTRP9 

significantly and specifically induced p38 phosphorylation. 
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Fig. 2. CTRP9 induces apoptosis in human

keratinocytes. (A) Cell viability in HaCaT cells

treated with CTRP9 (0-10 μg/ml) for 24 h was

assessed by MTT assay. (B) Measurement of

caspase 3 activity in HaCaT cells treated with

CTRP9 (0-10 μg/ml) for 24 h. (C) Quantitative

real-time PCR analysis of calreticulin mRNA ex-

pression in HaCaT cells treated with CTRP9 for

18 h. The β-Actin was used as an internal stand-

ard. Mean ± SEM were calculated from three

independent experiments. 
***P < 0.001, 

**P <

0.01, and 
*P < 0.05 compared with the control.
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Fig. 3. CTRP9 increases TGFβ1 mRNA expression and p38 phosphorylation in keratinocytes. (A) Quantitative real-time PCR analysis of 

TGFβ1, TGFβ2, and TGFβ3 mRNA expression in HaCaT cells treated with CTRP9 (0-10 μg/ml) for 18 h. (B) AP-1 binding to the TGFβ1 

promoter was determined by ChIP assay in HaCaT cells treated with CTRP9 (0-10 μg/ml) for 18 h. (C) Western blot analysis of JNK, p38, 

and ERK1/2 phosphorylation in HaCaT cells treated with CTRP9 (10 μg/ml) for 18 h. (D) Scramble siRNA or TGFβ1 siRNA-transfected 

HaCaT cells were treated with 10 μg/ml CTRP9 for 18 h. Cell extracts were applied to Western blot analysis to measure p38 phosphory-

lation. Total forms and β-actin were used as internal standards. Mean ± SEM were calculated from three independent experiments. 
***P 

< 0.001 and 
**P < 0.01 compared with the control. 

!!!P < 0.001 compared with CTRP9 treatment. 

 

 

 

Furthermore, suppression of TGFβ1 expression markedly 

abrogated the effects of CTRP9 on p38 phosphorylation 

(Figs. 3C and 3D), suggesting that CTRP9 promotes p38 

phosphorylation through a TGFβ1-mediated pathway in 

keratinocytes. 

CTRP9 prevents proliferation and differentiation and 
induces apoptosis of HaCaT cells via TGFβ1-mediated 
induction of p38 phosphorylation 
The p38-mediated cascade plays a key role in suppressing 

cell proliferation (Saika et al., 2004) and differentiation 
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Fig. 4. CTRP9 regulates proliferation, differentiation, and apoptosis in keratinocytes through TGFβ1-mediated induction of p38 phosphory-

lation. (A) Proliferation assay. quantitative real-time PCR analysis of Ki67 mRNA expression, (B) quantitative real-time PCR analysis of 

involucrin, loricrin, filaggrin mRNA expression, (C) inverted microscopy images. Quantitative real-time PCR analysis of CK1 mRNA ex-

pression, (D) cell viability assay, (E) measurement of caspase 3 activity, and (E) quantitative real-time PCR analysis of calrecticulin mRNA 

expression in HaCaT cells transfected with siRNA specific for TGFβ1 or p38 and treated with CTRP9 for 18 or 24 h. β-actin was used as 

internal standards. Mean ± SEM were calculated from three independent experiments. 
***P < 0.001 and 

**P < 0.01 compared with the 

control. 
!!P < 0.01 and 

!P < 0.05 compared with CTRP9 treatment. 

 

 

 

through inhibition of involucrin promoter activity (Efimova et 

al., 1998). Furthermore, activation of p38 is required for 

induction of apoptosis (Kang et al., 2003). We therefore 

examined the effects of siRNA specific for TGFβ1 and p38 on 

the activity of CTRP9 in HaCaT cells. As shown in Fig. 4, sup-

pression of TGFβ1 or p38 expression markedly abrogated 

the effects of CTRP9 on proliferation, differentiation, hyper-

keratosis, and apoptosis of HaCaT cells (Figs. 4A-4D). 

Knockdown of TGFβ1 or p38 also significantly suppressed 

CTRP9-induced calreticulin mRNA expression (Fig. 4E). To 

verify a more certain cell morphological change in the sup-

pressive effect of CTRP9 on hyperkeratosis, we treated Ha-

CaT cells with arsenic which is reported to stimulate CK1 

expression in HaCaT cells (Sun et al., 2009). CTRP9 treat-

ment ameliorated arsenic-induced cell cluster formation. 

However, knockdown of TGFβ1 or p38 abrogated the sup-

pressive effects of CTRP9 (Supplementary Fig. S2). 

 

CTRP9 injection suppressed STZ-induced epidermal 
thickening in abdominal skin tissue of mice after 
wound healing 
Mice with non-fasting blood glucose above 250 mg/dl were 

considered as diabetic mice (Pavlinkova et al., 2008). In this 

study, intravenous injection of CTRP9 did not attenuate STZ 

treatment-induced hyperglycemia in mice (Supplementary 

Fig. S3A). Furthermore, STZ treatment decreased serum 

CTRP9 levels in mice. However, CTRP9 injection restored 

significantly these changes (Supplementary Fig. S3B). As 

shown in Fig. 5, epidermal thickening was observed in STZ-

treated mice after wound healing. Furthermore, STZ treat-

ment augments both Ki67 and involucrin expression (brown 

area). However, CTRP9 injection via tail vein markedly re-

stored these changes (Figs. 5A and 5B). CTRP9 administra-

tion markedly increased TGFβ1 mRNA and caspase 3 activity 

(Fig. 5C). 
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Fig. 5. Immunohistochemical staining for Ki67 and involu-

crin in abdominal skin tissue of experimental mice. (A)

Representative histological analysis of abdominal skin

tissue of experimental mice. Sections were stained with

hematoxylin and eosin (H&E) (upper). Immunohisto-

chemical staining for Ki67 (left panel) and involucrin

(right panel) in sections of the abdominal skin tissue from

experimental mice. Ki67 and involucrin were visualized

with 3,3′-diaminobenzidine tetrahydrochloride (DAB,

brown). (B, C) Quantitative real-time PCR analysis of Ki67,

involucrin, and TGFβ1 mRNA expression (B) and meas-

urement of caspase 3 activity (C) in abdominal skin tissue

of experimental mice. The β-actin was used as internal

standards. Mean ± SEM were calculated from five exper-

imental mice. 
***P < 0.001 and 

**P < 0.01 compared with

the control. 
!!P < 0.01 compared with STZ treatment. 
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Fig. 6. Schematic diagram of the possible mechanism for the 

effects of CTRP9 on proliferation, differentiation, and apoptosis 

in human keratinocytes. 

 

 

 

DISCUSSION 
 

The epidermis of the skin forms the outermost layer of the 

body, and one of its most important roles is protection from 

the external environment. Consequently, the skin tends to 

be easily injured by external factors. The process of wound 

healing is tightly controlled through biochemical signal 

transduction. This repair system is significantly impaired in 

patients with diabetes, leading to severe diabetic ulcers; 

however, the mechanism underlying the impaired healing in 

diabetes remains to be elucidated. 

CTRP9 is a novel adipokine that is exclusively expressed in 

adipocytes and shares closest amino acid identity (54%) 

with adiponectin in the globular domain (Seldin et al., 2014). 

Serum CTRP9 level is decreased in patients with hyperglyce-

mia and insulin resistance (Hwang et al., 2014). Adenovirus-

mediated overexpression of CTRP9 attenuated non-alcoholic 

fatty liver disease through AMPK-autophagy–mediated sup-

pression of ER stress in mice (Jung et al., 2015). Furthermore, 

CTRP9 has been suggested to be a regulator of vascular 

function in rodents (Uemura et al., 2013; Zheng et al., 2011). 

In clinical trials, serum CTRP9 concentration was significantly 

correlated with arterial stiffness in patients with type 2 dia-

betes (Jung et al., 2014). 

The protective effects of CTRP9 on metabolic disorders 

have been well documented through several reports (Jung 

et al., 2015; Peterson et al., 2013; Wei et al., 2014; Zheng et 

al., 2011). However, the effects of CTRP9 on wound healing 

of the epidermis under diabetic conditions are not well un-

derstood, although Kawai et al. (2008) have reported bene-

ficial effects of adiponectin on impaired wound healing in 

diabetes. Previous studies have shown that adiponectin in-

hibits the proliferation and migration of human smooth 

muscle cells (Arita et al., 2002; Matsuda et al., 2002). Wang 

et al. (2005) have demonstrated that adiponectin suppresses 

the proliferation of human smooth muscle cells via interac-

tion with several growth factors, such as heparin binding-

epidermal growth factor-BB (HB-EGF), platelet-derived 

growth factor-BB (PDGF-BB), and basic fibroblast growth 

factor (bFGF). Especially, CTRP9 attenuates neointimal for-

mation caused by vascular injury through inhibition of vascu-

lar smooth muscle cell growth via a cAMP-dependent path-

way (Uemura et al., 2013). 
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In this study, we demonstrated for the first time that 

CTRP9 suppresses the proliferation and differentiation of 

keratinocytes through induction of TGFβ1 expression. These 

results might be controversial because re-epithelialization 

generally results from proliferation, migration, and differen-

tiation of keratinocytes in the wound healing process. How-

ever, hyperkeratinization can occur in areas surrounding 

ulcers in patients with diabetic foot, suggesting that this 

process might not be regulated by signaling pathways asso-

ciated with proliferation and differentiation. Although the 

mechanisms of hyperkeratinization or callosity-mediated 

mechanisms in diabetic foot remain unclear, a decrease in 

serum CTRP9 in patients with diabetes might be closely as-

sociated with impairment of wound healing. 

TGFβs are important regulators of cell proliferation, differ-

entiation, and other functions in many cell types (Bierie and 

Moses, 2006; Massague et al., 2000). Mammals possess 

three isoforms of TGFβ: TGFβ1, TGFβ2, and TGFβ3 (Khalil, 

1999). Among these, TGFβ1 expression is rapidly augment-

ed in keratinocytes and macrophages after skin injury (Singer 

and Clark, 1999). In this study, we found that CTRP9 induces 

TGFβ1 expression in HaCaT cells, whereas expression of 

TGFβ2 and TGFβ3 was not affected by CTRP9 treatment. 

Since TGFβ1 has been considered a negative regulator of cell 

growth and migration (Koch et al., 2000; O'Kane and Fer-

guson, 1997), it might contribute to the suppressive effects 

of CTRP9 on the proliferation of keratinocytes. In addition, 

we investigated the regulation mechanism in CTRP9-

mediated TGFβ1 induction. CTRP9 has been reported to 

stimulate AMPK phosphorylation (Jung et al., 2015; Kamba-

ra et al., 2012; Wong et al., 2009). It has been reported that 

transcription factor AP-1 is involved in ionizing radiation-

mediated induction of TGFβ1 expression (Gault et al., 2002). 

Furthermore, AMPK activation by AICAR enhances AP-1-

mediated gene regulation (Iwasaki et al., 2007). In this study, 

we found that treatment of HaCaT cells with CTRP9 in-

creased TGFβ1 mRNA expression in a dose-dependent man-

ner and AP-1 binding activity in TGFβ1 promoter. Moreover, 

we also found that CTRP9 treatment induced AMPK phos-

phorylation in HaCaT cells (Supplementary Fig. S4). There-

fore, we expected that CTRP9 may augment TGFβ1 mRNA 

expression through AMPK/AP-1-dependent pathway. Fur-

ther studies are required to investigate the role of AMPK in 

CTRP9-induced TGFβ1 expression. 

In various cell types, MAPKs such as p38, JNK, and ERK1/2 

are known to be involved in cell proliferation, migration, and 

survival (Nebreda and Porras, 2000; Wei et al., 2010; Zhan et 

al., 2003). Among these MAPKs, p38 was markedly phos-

phorylated after CTRP9 treatment in HaCaT cells. On the 

basis of previous reports (Ferrari et al., 2012; Wu et al., 

2009), we further evaluated whether CTRP9-induced TGFβ1 

affects the phosphorylation of p38. Suppression of TGFβ1 

significantly abrogated the effects of CTRP9 on the phos-

phorylation of p38, as well as cell proliferation and differen-

tiation, and also induced apoptosis. These results suggest 

that CTRP9 suppresses proliferation and differentiation and 

induces apoptosis through TGFβ1-associated induction of 

phosphorylation of p38 in keratinocytes. 

Hyperkeratosis is a phenomenon in which the stratum 

corneum becomes thickened as a result of abnormal accu-

mulation of keratin. Hyperkeratosis in individuals with diabe-

tes often occurs on specific areas such as the soles or malleo-

li and is thought to lead to abnormal proliferation, differen-

tiation, and apoptosis of keratinocytes. In the current study, 

we showed that CTRP9 induced apoptosis in HaCaT cells. 

However, these results seem to be controversial because 

CTRP9 also inhibited the differentiation of keratinocytes, as 

shown in Fig. 1C. The reason for this is unclear, although the 

effects of CTRP9 might be dependent on the differentiation 

stage of keratinocytes. As calrecticulin has been reported to 

regulate the removal of apoptotic bodies through binding to 

adiponectin (Takemura et al., 2007), we further examined 

the effects of CTRP9 on calrecticulin expression in HaCaT 

cells and found that CTRP9 induced calrecticulin mRNA ex-

pression in a dose-dependent manner. These results suggest 

that CTRP9 has anti-hypertrophic effects on the epidermis. 

To validate results of in vitro experiments, we also performed 

in vivo experiments using a type 1 diabetic animal model. 

Instead of applying CTRP9 to the wound site, mouse recom-

binant CTRP9 was injected via tail vein, because we hypoth-

esized that hyperglycemia-mediated decrease of circulating 

concentrations of CTRP9 produced by adipocytes might 

cause impairment of wound healing. In the current study, 

STZ-induced hyperglycemia thickened epidermis layers in 

injury site of mice. Similar to high fat diet effects on serum 

CTRP9 in mice (Wang et al., 2016), we found that STZ 

treatment reduced circulating CTRP9 levels (Supplementary 

Fig. S3B). CTRP9 supplementation to STZ-treated mice sup-

pressed epidermal thickening, Ki67 and involucrin expression 

in abdominal skin tissue. Conversely, it augmented TGFβ1 

mRNA expression and caspase 3 activity as in vitro results. 

These results suggest that circulating CTRP9 may attenuate 

hyperglycemia-induced epidermal thickening through sup-

pression of keratinocyte proliferation. In this study, unfortu-

nately, significant hyperkeratosis was not observed in ab-

dominal skin tissue of STZ-treated mice. Therefore, in order 

to better investigate the effect of CTRP9 on diabetic wound, 

future in vivo experimental conditions for development of 

hyperkeratinization by STZ treatment should be established. 

Thereafter, we will examine the effects of CTRP9 via tail vein 

injection on wound healing or apply recombinant CTRP9 to 

the injury. Additionally, further studies are also required to 

identify novel CTRP9 inducers. Therefore, we are now pre-

paring to investigate CTRP9 promoter studies and screen 

many kinds of drugs and natural compounds for inducing 

CTRP9 production in adipocytes as well as develop an oint-

ment containing CTRP9 as an external medicine. 

In conclusion, we show that CTRP9 suppresses prolifera-

tion and differentiation and causes apoptosis of keratino-

cytes through TGFβ1-mediated induction of a p38-

dependent pathway. 

 

CONCLUSIONS 
 

CTRP9 upregulates the expression of TGFβ1 via AP-1-

mediated transcriptional regulation. This upregulation re-

sulted in reduced cell proliferation, differentiation, and 

apoptosis through p38-mediated pathway in human 
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keratinocytes (Fig. 6). 

CTRP9-mediated activation of the TGFβ1-p38-dependent 

pathway is a potential therapeutic target for the treatment 

of diabetic foot ulcer. Future studies employing TGFβ1 and 

p38 knockout in diabetic foot ulcer animal models may help 

elucidate the specific roles of TGFβ1 and p38 in CTRP9-

mediated wound healing. 

 

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
 

ACKNOWLEDGMENTS 
The National Research Foundation of Korea (NRF) grant 

funded by the Korea government Ministry of Science, ICT & 

Future Planning Contract grant number: 2016R1C1B2012674. 

 

REFERENCES 
 
Arita, Y., Kihara, S., Ouchi, N., Maeda, K., Kuriyama, H., Okamoto, Y., 

Kumada, M., Hotta, K., Nishida, M., Takahashi, M., et al. (2002). 

Adipocyte-derived plasma protein adiponectin acts as a platelet-

derived growth factor-BB-binding protein and regulates growth 

factor-induced common postreceptor signal in vascular smooth 

muscle cell. Circulation 105, 2893-2898. 

Bandyopadhyay, B., Fan, J., Guan, S., Li, Y., Chen, M., Woodley, D.T., 

and Li, W. (2006). A "traffic control" role for TGFbeta3: orchestrating 

dermal and epidermal cell motility during wound healing. J. Cell Biol. 

172, 1093-1105. 

Bierie, B., and Moses, H.L. (2006). Tumour microenvironment: 

TGFbeta: the molecular Jekyll and Hyde of cancer. Nat. Rev. Cancer 6, 

506-520. 

Blakytny, R., and Jude, E. (2006) The molecular biology of chronic 

wounds and delayed healing in diabetes. Diabet. Med. 23, 594-608. 

Deyrieux, A.F., and Wilson, V.G. (2007). In vitro culture conditions to 

study keratinocyte differentiation using the HaCaT cell line. 

Cytotechnology 54, 77-83. 

Efimova, T., LaCelle, P., Welter, J.F., and Eckert, R.L. (1998). 

Regulation of human involucrin promoter activity by a protein kinase 

C, Ras, MEKK1, MEK3, p38/RK, AP1 signal transduction pathway. J. 

Biol. Chem. 273, 24387-24395. 

Ferrari, G., Terushkin, V., Wolff, M.J., Zhang, X., Valacca, C., Poggio, 

P., Pintucci, G., and Mignatti, P. (2012). TGF-beta1 induces 

endothelial cell apoptosis by shifting VEGF activation of p38(MAPK) 

from the prosurvival p38beta to proapoptotic p38alpha. Mol. Cancer 

Res. 10, 605-614. 

Frank, S., Madlener, M., and Werner, S. (1996). Transforming growth 

factors beta1, beta2, and beta3 and their receptors are differentially 

regulated during normal and impaired wound healing. J. Biol. Chem. 

271, 10188-10193. 

Gault, N., Vozenin-Brotons, M.C., Calenda, A., Lefaix, J.L., and 

Martin, M.T. (2002). Promoter sequences involved in transforming 

growth factor beta1 gene induction in HaCaT keratinocytes after 

gamma irradiation. Radiation Res. 157, 249-255. 

Hwang, Y.C., Woo Oh, S., Park, S.W., and Park, C.Y. (2014). 

Association of serum C1q/TNF-Related Protein-9 (CTRP9) 

concentration with visceral adiposity and metabolic syndrome in 

humans. Int. J. Obesity 38, 1207-1212. 

Iwasaki, Y., Nishiyama, M., Taguchi, T., Kambayashi, M., Asai, M., 

Yoshida, M., Nigawara, T., and Hashimoto, K. (2007). Activation of 

AMP-activated protein kinase stimulates proopiomelanocortin gene 

transcription in AtT20 corticotroph cells. Am. J. Physiol. Endocrinol. 

Metabol. 292, E1899-1905. 

Jee, S.H., Ahn, C.W., Park, J.S., Park, C.G., Kim, H.S., Lee, S.H., Park, 

S., Lee, M., Lee, C.B., Park, H.S., et al. (2013). Serum adiponectin and 

type 2 diabetes: a 6-year follow-up cohort study. Diabetes Metabol. J. 

37, 252-261. 

Jin, X., Ren, S., Macarak, E., and Rosenbloom, J. (2016). 

Pathobiological mechanisms of peritoneal adhesions: The 

mesenchymal transition of rat peritoneal mesothelial cells induced by 

TGF-beta1 and IL-6 requires activation of Erk1/2 and Smad2 linker 

region phosphorylation. Matrix Biol. 51, 55-64. 

Jung, C.H., Lee, M.J., Kang, Y.M., Jang, J.E., Leem, J., Lee, Y.L., Seol, 

S.M., Yoon, H.K., Lee, W.J., and Park, J.Y. (2014). Association of 

serum C1q/TNF-related protein-9 concentration with arterial stiffness 

in subjects with type 2 diabetes. J. Clin. Endocrinol. Metabol. 99, 

E2477-2484. 

Jung, T.W., Hong, H.C., Hwang, H.J., Yoo, H.J., Baik, S.H., and Choi, 

K.M. (2015). C1q/TNF-Related Protein 9 (CTRP9) attenuates hepatic 

steatosis via the autophagy-mediated inhibition of endoplasmic 

reticulum stress. Mol. Cell. Endocrinol. 417, 131-140. 

Kambara, T., Ohashi, K., Shibata, R., Ogura, Y., Maruyama, S., 

Enomoto, T., Uemura, Y., Shimizu, Y., Yuasa, D., Matsuo, K., et al. 

(2012). CTRP9 protein protects against myocardial injury following 

ischemia-reperfusion through AMP-activated protein kinase (AMPK)-

dependent mechanism. J. Biol. Chem. 287, 18965-18973. 

Kang, H.J., Soh, Y., Kim, M.S., Lee, E.J., Surh, Y.J., Kim, H.R., Kim, 

S.H., and Moon, A. (2003). Roles of JNK-1 and p38 in selective 

induction of apoptosis by capsaicin in ras-transformed human breast 

epithelial cells. Int. J. Cancer 103, 475-482. 

Kawai, K., Kageyama, A., Tsumano, T., Nishimoto, S., Fukuda, K., 

Yokoyama, S., Oguma, T., Fujita, K., Yoshimoto, S., Yanai, A., et al. 

(2008). Effects of adiponectin on growth and differentiation of 

human keratinocytes--implication of impaired wound healing in 

diabetes. Biochem. Biophys. Res. Commun. 374, 269-273. 

Khalil, N. (1999). TGF-beta: from latent to active. Microb. Infect. 1, 

1255-1263. 

Kim, S.J., Glick, A., Sporn, M.B., and Roberts, A.B. (1989). 

Characterization of the promoter region of the human transforming 

growth factor-beta 1 gene. J. Biol. Chem. 264, 402-408. 

Koch, R.M., Roche, N.S., Parks, W.T., Ashcroft, G.S., Letterio, J.J., and 

Roberts, A.B. (2000). Incisional wound healing in transforming 

growth factor-beta1 null mice. Wound Repair Regener. 8, 179-191. 

Kyriakis, J.M., and Avruch, J. (2001). Mammalian mitogen-activated 

protein kinase signal transduction pathways activated by stress and 

inflammation. Physiol. Rev. 81, 807-869. 

Liu, Q., Zhang, Y., Mao, H., Chen, W., Luo, N., Zhou, Q., Chen, W., 

and Yu, X. (2012). A crosstalk between the Smad and JNK signaling 

in the TGF-beta-induced epithelial-mesenchymal transition in rat 

peritoneal mesothelial cells. PloS one 7, e32009. 

Maas-Szabowski, N., Starker, A., and Fusenig, N.E. (2003). Epidermal 

tissue regeneration and stromal interaction in HaCaT cells is initiated 

by TGF-alpha. J. Cell Sci. 116, 2937-2948. 

Massague, J., Blain, S.W., and Lo, R.S. (2000) TGFbeta signaling in 

growth control, cancer, and heritable disorders. Cell 103, 295-309. 

Matsuda, M., Shimomura, I., Sata, M., Arita, Y., Nishida, M., Maeda, 

N., Kumada, M., Okamoto, Y., Nagaretani, H., Nishizawa, H., et al. 

(2002) Role of adiponectin in preventing vascular stenosis. The 

missing link of adipo-vascular axis. J. Biol. Chem. 277, 37487-37491. 

Nebreda, A.R., and Porras, A. (2000). p38 MAP kinases: beyond the 

stress response. Trends Biochem. Sci. 25, 257-260. 

O'Kane, S., and Ferguson, M.W. (1997) Transforming growth factor 

beta s and wound healing. Int. J . Biochem. Cell Biol. 29, 63-78. 



The Effect of CTRP9 Diabetic Foot Ulcer 
Tae Woo Jung et al. 

 
 

Mol. Cells 2017; 40(12): 906-915  915 

 
 

Pavlinkova, G., Salbaum, J.M., and Kappen, C. (2008). Wnt signaling 

in caudal dysgenesis and diabetic embryopathy. Birth Defects Res. A 

Clin. Mol. Teratol. 82, 710-719. 

Peterson, J.M., Wei, Z., Seldin, M.M., Byerly, M.S., Aja, S., and Wong, 

G.W. (2013). CTRP9 transgenic mice are protected from diet-

induced obesity and metabolic dysfunction. Am. J. Physiol. Regul. 

Integr. Comp. Physiol. 305, R522-533. 

Presser, L.D., McRae, S., and Waris, G. (2013). Activation of TGF-

beta1 promoter by hepatitis C virus-induced AP-1 and Sp1: role of 

TGF-beta1 in hepatic stellate cell activation and invasion. PloS one 8, 

e56367. 

Saika, S., Okada, Y., Miyamoto, T., Yamanaka, O., Ohnishi, Y., 

Ooshima, A., Liu, C.Y., Weng, D., and Kao, W.W. (2004). Role of 

p38 MAP kinase in regulation of cell migration and proliferation in 

healing corneal epithelium. Invest. Ophthalmol. Vis. Sci. 45, 100-109. 

Seldin, M.M., Tan, S.Y., and Wong, G.W. (2014). Metabolic function 

of the CTRP family of hormones. Rev. Endocrine Metabol. Disord. 15, 

111-123. 

Singer, A.J., and Clark, R.A. (1999). Cutaneous wound healing. New 

England J. Med. 341, 738-746. 

Sun, Y., Pi, J., Wang, X., Tokar, E.J., Liu, J., and Waalkes, M.P. (2009). 

Aberrant cytokeratin expression during arsenic-induced acquired 

malignant phenotype in human HaCaT keratinocytes consistent with 

epidermal carcinogenesis. Toxicology 262, 162-170. 

Takekawa, M., Tatebayashi, K., Itoh, F., Adachi, M., Imai, K., and 

Saito, H. (2002). Smad-dependent GADD45beta expression 

mediates delayed activation of p38 MAP kinase by TGF-beta. EMBO J. 

21, 6473-6482. 

Takemura, Y., Ouchi, N., Shibata, R., Aprahamian, T., Kirber, M.T., 

Summer, R.S., Kihara, S., and Walsh, K. (2007). Adiponectin 

modulates inflammatory reactions via calreticulin receptor-dependent 

clearance of early apoptotic bodies. J. Clin. Invest. 117, 375-386. 

Uemura, Y., Shibata, R., Ohashi, K., Enomoto, T., Kambara, T., 

Yamamoto, T., Ogura, Y., Yuasa, D., Joki, Y., Matsuo, K., et al. 

(2013). Adipose-derived factor CTRP9 attenuates vascular smooth 

muscle cell proliferation and neointimal formation. FASEB J. 27, 25-

33. 

Usui, M.L., Mansbridge, J.N., Carter, W.G., Fujita, M., and Olerud, J.E. 

(2008). Keratinocyte migration, proliferation, and differentiation in 

chronic ulcers from patients with diabetes and normal wounds. J. 

Histochem. Cytochem. 56, 687-696. 

Wang, Y., Lam, K.S., Xu, J.Y., Lu, G., Xu, L.Y., Cooper, G.J., and Xu, 

A. (2005). Adiponectin inhibits cell proliferation by interacting with 

several growth factors in an oligomerization-dependent manner. J. 

Biol. Chem. 280, 18341-18347. 

Wang, X.J., Han, G., Owens, P., Siddiqui, Y., and Li, A.G. (2006). 

Role of TGF beta-mediated inflammation in cutaneous wound 

healing. J. Invest. Dermatol. 11, 112-117. 

Wang, W., Lau, W.B., Wang, Y., Ma, X., and Li, R. (2016). Reduction 

of CTRP9, a novel anti-platelet adipokine, contributes to abnormal 

platelet activity in diabetic animals. Cardiovasc. Diabetol. 15, 6. 

Wei, L., Liu, Y., Kaneto, H., and Fanburg, B.L. (2010). JNK regulates 

serotonin-mediated proliferation and migration of pulmonary artery 

smooth muscle cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 298, 

L863-869. 

Wei, Z., Lei, X., Petersen, P.S., Aja, S., and Wong, G.W. (2014). 

Targeted deletion of C1q/TNF-related protein 9 increases food intake, 

decreases insulin sensitivity, and promotes hepatic steatosis in mice. 

American journal of physiology. Endocrinol. Metabol.306, E779-790. 

Whitehead, J.P., Richards, A.A., Hickman, I.J., Macdonald, G.A., and 

Prins, J.B. (2006). Adiponectin--a key adipokine in the metabolic 

syndrome. Diabetes Obesity Metabol. 8, 264-280. 

Wong, G.W., Krawczyk, S.A., Kitidis-Mitrokostas, C., Ge, G., Spooner, 

E., Hug, C., Gimeno, R., and Lodish, H.F. (2009). Identification and 

characterization of CTRP9, a novel secreted glycoprotein, from 

adipose tissue that reduces serum glucose in mice and forms 

heterotrimers with adiponectin. FASEB J. 23, 241-258. 

Wu, S., Kasisomayajula, K., Peng, J., and Bancalari, E. (2009). 

Inhibition of JNK enhances TGF-beta1-activated Smad2 signaling in 

mouse embryonic lung. Pediatric Res. 65, 381-386. 

Xia, Z., Dickens, M., Raingeaud, J., Davis, R.J., and Greenberg, M.E. 

(1995). Opposing effects of ERK and JNK-p38 MAP kinases on 

apoptosis. Science 270, 1326-1331. 

Zhan, Y., Kim, S., Izumi, Y., Izumiya, Y., Nakao, T., Miyazaki, H., and 

Iwao, H. (2003). Role of JNK, p38, and ERK in platelet-derived 

growth factor-induced vascular proliferation, migration, and gene 

expression. Arterioscler. Thromb. Vasc. Biol. 23, 795-801. 

Zheng, Q., Yuan, Y., Yi, W., Lau, W.B., Wang, Y., Wang, X., Sun, Y., 

Lopez, B.L., Christopher, T.A., Peterson, J.M., et al. (2011) C1q/TNF-

related proteins, a family of novel adipokines, induce vascular 

relaxation through the adiponectin receptor-1/AMPK/eNOS/nitric 

oxide signaling pathway. Arterioscler. Thromb. Vasc. Biol. 31, 2616-

2623.

 


